This paper d e s c r i b e s an e x t e n s i v e p r o j e c t conducted t o provide an independent assessment o f t h e proposed major change i n t h e way an e l e c t r o n i c s assembly firm would manage t h e production of t h e i r major product--modems.
INTRODUCTION Corporate management i s becoming more aware o f , and r e c e p t i v e t o d i s c r e t e event s i m u l a t i o n , both a s a t o o l f o r improving a firm's competitive edge and as a t o o l f o r i n c r e a s i n g p r o d u c t i v i t y , improving quali.ty, and reducing c o s t s . With regard t o competitive
edge, s i m u l a t i o n allows f o r t h e e v a l u a t i o n o f a l t e r n at i v e manufacturing system d e s i g n s , new equipment opt i o n s , product mix changes, and c o n t r o l s t r a t e g i e s b e f o r e i n c u r r i n g t h e u p f r o n t c o s t s of system changes and f a c i l i t i e s c o n s t r u c t i o n . A t a more micro l e v e l , s i m u l a t i o n allows s i m i l a r a n a l y s e s t o s e l e c t c o s te f f e c t i v e a l t e r n a t i v e s and t o p r e v e n t making d e c i s i o n s t h a t would n o t d e l i v e r t h e p r o d u c t i v i t y promised by proponents o f proposed equipment and system changes.
Since s i m u l a t i o n a n a l y s e s and techniques have been r e a d i l y a v a i l a b l e f o r n e a r l y 40 y e a r s , one might wonder why management has only r e c e n t l y become v e r y receptj-ve t o u s i n g s i m u l a t i o n a s a r e g u l a r t o o l t o support d e c i s i o n making. A t l e a s t t h r e e reasons come t o mind.
F i r s t , members o f t h e newer g e n e r a t i o n o f managers a r e more l i k e l y t o have seen s i m u l a t i o n used i n t h e classroom t o s o l v e problems. This i s e s p e c i a ll y t r u e f o r those managers who have s t u d i e d b u s i n e s s o r engineering, p a r t i c u l a r l y a t t h e graduate l e v e l .
Second, w i t h t h e advent of t h e microcomputer, managers can p u t compact, easy-to-use s i m u l a t i o n packages d i r e c t l y i n t o t h e hands o f t h e i r a n a l y s t s . No more do a n a l y s t s have t o w a i t hours o r days f o r t u r naround on a mainframe b a t c h p r o c e s s i n g system, p a r t i cu l a r l y when accounting, p a y r o l l , and MRP t r a n s a c t i o n s always g e t CPU p r i o r i t y .
T h i r d , many o f t h e popular mainframe simulat i o n packages have been p o r t e d t o t h e microcomputer.
These include GPSS (Minuteman 1986) , SIMSCRIPT (CACI Bernard J . Schroer Johnson Research Center U n i v e r s i t y of Alabama H u n t s v i l l e , AL 35899 1987) , and SIMAN (Pegden 1 9 8 5 ) . I n a d d i t i o n , s e v e r a l new s i m u l a t i o n packages, i n c l u d i n g SIMFACTORY (CACI 1988) , XCELL (Conway and Maxwell 1986) , and MAP/1 (Miner and Rolston 1986) have been developed s p e c i f i ca l l y f o r management a n a l y s t s working a t e i t h e r microcomputers o r stand-alone w o r k s t a t i o n s . Thus a modern, educated manager can approve t h e use o f desktop simulat i o n a s an a i d t o d e c i s i o n making w i t h f u l l confidence t h a t h i s a n a l y s t w i l l have t h e software and hardware t o o l s a v a i l a b l e t o do t h e job.
Research O b j e c t i v e s
The o b j e c t i v e s o f t h i s r e s e a r c h s t u d y may be s t a t e d a s follows.
Assessment of Chancre. The f i r m i nvolved d e s i r e d t o a c q u i r e an independent assessment of a proposed major change i n t h e way they manage t h e prod u c t i o n of t h e i r major product: modems. The e x i s t i n g procedure i s t o p r o c e s s u n i t s i n b a t c h e s o r l o t s throughout t h e p l a n t , w i t h a t y p i c a l b a t c h keyed t o a s p e c i f i c o r d e r r e l e a s e o r p a r t i a l o r d e r r e l e a s e . The proposed a l t e r n a t i v e s t r a t e g y i n v o l v e s t h e change t o a predominantly s i n g l e -u n i t flow system, w i t h l i k e u n i t s b e i n g c o l l e c t e d i n f i n i s h e d goods f o r a l l o c a t i o n t o s p e c i f i c o r d e r s and p a r t i a l o r d e r s .
1 . 1 . 2 Industrv-Universitv Coooeration. Both t h e f i r m and t h e a n a l y s t s d e s i r e d t o conduct a p i l o t j o i n t e f f o r t i n o r d e r t o e s t a b l i s h t h e f e a s i b i l i t y of such s t u d i e s i n t h e a r e a s o f a p p l i e d e n g i n e e r i n g , systems a n a l y s i s , production management, r o b o t i c s , comput e r -a i d e d manufacturing systems (CIMS), and o t h e r r el a t e d f i e l d s . Future e f f o r t s would be sponsored j o i n t -1.y by s i m i l a r f i r m s and t h e l o c a l u n i v e r s i t y ( t h e a n a ly s t s ' employer) t o s t r e n g t h e n t h e competitiveness o f t h e l o c a l high technology community.
1.1.3 F i e l d T e s t Microcomputer-Based Simulat i o n Analvsis. T h i s s t u d y gave t h e a n a l y s t s t h e opport u n i t y t o examine one o f t h e e a r l y microcomputer-based s i m u l a t i o n packages, GPSS/PC, and t o t e s t t h i s package f o r p o s s i b l e use both i n t h e classroom and i n o t h e r i n d u s t r i a l and government r e s e a r c h p r o j e c t s . The firm used t h i s o p p o r t u n i t y t o examine s i m u l a t i o n a s a t o o l o f a n a l y s i s , w i t h t h e i d e a of developing in-house simul a t i o n skills for f u t u r e automation-related s t u d i e s .
. 2 O u t l i n e of This Paper
This paper d e s c r i b e s a four-month e f f o r t t o f u l f i l l t h e above o b j e c t i v e s . F i r s t , t h e c u r r e n t and proposed f i n i s h e d goods a l l o c a t i o n systems o f t h e firm a r e d e s c r i b e d . A summary o f t h e g a t h e r i n g , r e d u c t i o n , and a n a l y s e s of p r o d u c t i o n d a t a i s t h e n provided. The d e s c r i p t i o n of t h e experimental design f o r t h i s s t u d y i s followed by a d i s c u s s i o n o f t h e v a r i o u s s i m u l a t i o n model segments used t o execute t h e design. Included i s a b r i e f d e s c r i p t i o n of some of t h e v a l i d a t i o n and v e r i f i c a t i o n techniques used. L a s t l y , t h e r e s u l t s of t h e experiment a r e p r e s e n t e d , followed by t h e conclus i o n s drawn by t h e a n a l y s t s .
PROBLEM DOMAIN
The s e t t i n g f o r t h i s study i s a n ultramodern e l e c t r o n i c s assembly p l a n t i n H u n t s v i l l e , Alabama. This p l a n t , which belongs t o a l a r g e m u l t i n a t i o n a l f i r m , assembles complex telecormunications d e v i c e s such a s modems. growth i n s a l e s , with r e s u l t a n t growth i n p r o d u c t i o n o r d e r s . A s a r e s u l t o f t h i s growth, v a r i o u s symptoms had emerged t o i n d i c a t e p o t e n t i a l problems w i t h t h e c u r r e n t methods of managing the movement o f u n i t s throughout t h e p l a n t . To address t h e problems underlyi n g t h e s e symptoms, t h e company sought s o l u t i o n s from a number of f u n c t i o n a l a r e a s i n c l u d i n g Manufacturing Engineering, M a t e r i a l s Management, Q u a l i t y C o n t r o l , Purchasing, Configuration Management, and Marketing.
This company had experienced r a p i d
The focus of t h i s s t u d y is on a s i n g l e prop o s a l made with regard t o t h e way t h e p l a n t managed t h e flow of u n i t s a s they movecl through t h e v a r i o u s s t a g e s of production. u n i t s were processed throughout t h e p l a n t , from compone n t i n s e r t i o n t o f i n a l packaging, i n b a t c h e s . When one u n i t of a b a t c h was delayed f o r re-work, t h e whole b a t c h was delayed. A proposa1c:alling f o r t h e convers i o n o f t h e e n t i r e p l a n t t o a h y b r i d flowshop, wherein an i n d i v i d u a l u n i t would be setit on t o i t s n e x t operat i o n a s soon a s i t was comp1etc:d a t t h e c u r r e n t operat i o n , had been made. P l a n t management had s e r i o u s r e se r v a t i o n s r e g a r d i n g t h e impact of t h i s proposed change on t h e number of u n i t s of product s t o r e d i n f i n i s h e d goods inventory. The a u t h o r s were asked t o provide an independent assessment of t h i s impact b e f o r e the company committed funds, time, and e f f o r t t o changing t h e way they handled production i i n i t s . s t o r a g e cage, where i t awaited p r o c e s s i n g by t h e a l l oc a t i o n p e r s o n n e l . The b a t c h then was moved back o u t t o t h e same s t o r a g e a r e a where i t a g a i n waited t o be processed on t h e 1,-Seal ( s h r i n k wrap) equipment. Fina l l y , t h e b a t c h of' packaged u n i t s was moved t o shipp i n g . Two phenomena were observed:
(1) a t t i m e s , t h e r e was extreme congestion i n t h i s s t o r a g e a r e a , which was l i m i t e d i n s i z e by t h e wire cage f o r f i n i s he d goods s t o r a g e , by a major s t r u c t u r a l w a l l , and by two major thoroughfare walkways t h a t had t o be k e p t open: and ( 2 ) t h e r e appeared t o be no queue d i s c ip l i n e o r p r i o r i t y system f o r a s s i g n i n g batches of u n i t s t o e i t h e r t h e Buttom Up o p e r a t i o n o r t o t h e L-Seal o p e r a t i o n .
Next t h e b a t c h was moved i n t o t h e f i n i s h e d goods
Although t h i s system o f p r o c e s s i n g u n i t s i n b a t c h e s kept most u n i t s f o r a s p e c i f i c o r d e r t o g e t h e r throughout t h e assembly/test/inspection process (an adv a n t a g e ) , i t tended t o cause u n n e c e s s a r i l y l a r g e worki n -p r o c e s s (WIP) i n v e n t o r i e s p r i o r t o t h e beginning o f t h e f i n i s h e d goods s t a g e of t h e production c y c l e . d u c t i o n t h u s flowed i n lumps through t h a t p a r t of the production p r o c e s s where t h e u n i t s acquired considera b l e added v a l u e i n terms of l a b o r , major components, and v a l u e added due t o assembly i t s e l f . This v a r i a n c e caused by lumpy production flows c r e a t e d a d d i t i o n a l queue congestion a t downstream work s t a t i o n s , e s p e c ia l l y a t t h e f i n i s h e d goods a l l o c a t i o n o p e r a t i o n s .
2.2
Pro-
Foundations f o r Changing t h e Production System
Company management had made a t l e a s t t h r e e d i f f e r e n t s t r a t e g i c d e c i s i o n s t h a t provided a foundat i o n upon which a s u c c e s s f u l change from b a t c h p r o c e s si n g t o s i n g l e -u n i t p r o c e s s i n g could be based. d e c i s i o n s a r e summarized a s follows. These 2.1.1 U G e n e r a t i o n of Products. To meet s t r o n g and growing competition, t h e company developed a new g e n e r a t i o n o f models which o f f e r s more f e a t u r e s , reduced s i z e , and higher l e v e l s of performance. More i m p o r t a n t , t h e new p i o d u c t l i n e i s q u i t e homogeneous (common components, s i m i l a r housings, and t h e l i k e ) , t h u s allowing a v a r i e t y of models t o be manufactured and handled by t h e same equipment.
2 . 2 . 2 E 1 1 Svstem I n s t a l l a t i o n . The company had i n s t a l l e d and implemented a s t a t e -o f -t h e -a r t materi a l requirements p l a n n i n g and c o n t r o l system. Analy s t s can use t h i s system r e a l i s t i c s h i p p i n g d a t e s f o r p o s s i b l e new o r d e r s , i n r e a l time; and they can d e t e rmine t h e impact of premature r e l e a s e of o r d e r s , e t c e t e r a , on shop f l o o r c a p a c i t y b o t t l e n e c k o p e r a t i o n s .
Barcode Svstem f o r U n i t s .
A barcoded unj-versa1 l a b e l system, t h a t included t h e p a r t number, s e r i a l number, e n g i n e e r i n g c o n f i g u r a t i o n number, and o t h e r p e r t i n e n t d a t a , was designed, and t h e hardware and software were assembled and t e s t e d i n o r d e r t o act i v a t e t h e proposed system. The f i n a l assembly, PCBs, and major PROMS would each have a s e p a r a t e barcoded l a b e l , which would be scan-readable by a v a r i e t y of dev i c e s l o c a t e d throughout t h e production p r o c e s s . The s u c c e s s of t h e proposed a l l o c a t i o n depends h e a v i l y on t h e s u c c e s s f u l implementation of t h i s barcode system.
Proposed Finished Goods A l l o c a t i o n System
The lumpy demand d e s c r i b e d above, a l o n g with t h e e v o l u t i o n o f t h e company's product l i n e and t h e c o n c e p t u a l i z a t i o n of a barcode-based production p l a n n i n g and c o n t r o l system, l e d company management t o seek a l t e r n a t i v e system designs f o r a l l o c a t i n g and s h i p p i n g f i n i s h e d product.
2.3.1 Differences from t h e E x i s t i n a System. The proposed system d i f f e r s from t h e c u r r e n t system i n a t l e a s t I c r i t i c a l ways: 1. Production u n i t s (modems, PCBs, and t h e l i k e ) would be a l l o c a t e d t o s h i p p i n g o r d e r r e l e a s e s on a one-at-a-time b a s i s .
2 . U n i t s would be L-sealed and i n d i v i d u a l l y boxed p r i o r t o a l l o c a t i o n . C u r r e n t l y , t h e s e two s t e p s a r e c a r r i e d o u t a f t e r a l l o c a t i o n , i n most c a s e s .
3. A l l o c a t i o n would be completely c o n t r o l l e d by computer s o f t w a r e , w i t h an o p e r a t o r t o respond t o computer i n s t r u c t i o n s by p l a c i n g t h e a l l oc a t e d u n i t i n a computer-assigned p o s i t i o n on a n a l l oc a t i o n t a b l e o r rack. C u r r e n t l y , t h e r e i s c o n s i d e ra b l e human i n t e r v e n t i o n i n t h e a l l o c a t i o n p r o c e s s .
.
Since u n i t s would be flowing i n t o t h e a l l o c a t i o n a r e a i n "random" o r d e r , one o p e r a t o r c o u l d be f i l l i n g many o r d e r s simultaneously. C u r r e n t l y , an o p e r a t o r works on a l l o c a t i o n , one o r d e r a t a t i m e .
A l l o c a t e d u n i t s would be forwarded t o s h i p p i n g i n l o t s equal t o one o r two overpacked boxes,
depending on t h e s i z e of t h e u n i t . C u r r e n t l y , u n i t s a r e forwarded i n a complete l o t , s i z e d t o f i l l t h e o r d e r r e l e a s e t o t h e e x t e n t p o s s i b l e .
A l l p a r t i a l l y f i l l e d o r d e r s w i l l be s h i pped a t t h e end o f each day, u n l e s s p a r t i a l shipments a r e p r o h i b i t e d by t h e customer. P r e s e n t l y , many p a r t i a l l y f i l l e d o r d e r s a r e h e l d by a l l o c a t i o n u n t i l s u f f i c i e n t u n i t s a r r i v e t o completely f i l l t h e o r d e r .

A l l u n i t s d e s i g n a t e d f o r hold s t a t u s i n f i n i s h e d goods, and those u n i t s s t o r e d f o r s p e c i f i c customers would be s t o r e d i n i n d i v i d u a l packages, t h e u n i t s b e i n g ready f o r r e l e a s e t o shipment immediately upon r e c e i p t o f a r e q u e s t from t h e customer. l y , many of t h e s e u n i t s a r e s t o r e d u n p r o t e c t e d on t h e f i n i s h e d goods s h e l v i n g u n i t s .
.
Current-
A model o f t h e proposed a l l o c a t i o n system i s shown i n Figure 2 .
through Button-up, L-Seal, and Packing b e f o r e e n t e r i n g t h e a l l o c a t i o n system on a long r o l l e r conveyor i n t h e f i n i s h e d goods s t o r a g e a r e a . A u n i t approaching t h e Laser Barcode Scanner i s guided i n t o proper p o s i t i o n t o have i t s u n i v e r s a l l a b e l read. I f t h e scanner/CRT -
Button up
o p e r a t o r is busy w i t h a p r e v i o u s u n i t , t h e approaching u n i t i s delayed i n queue a w a i t i n g i t s t u r n w i t h t h e scanner/CRT.
After a c l e a n r e a d o f t h e u n i v e r s a l l a b e l , t h e d a t a i s t r a n s m i t t e d t o t h e c o n t r o l l i n g computer a s a r e a l -t i m e t r a n s a c t i o n . The computer, f o l l o w i n g t h e a lgorithm developed i n conjunction w i t h Order E n t r y , Mark e t i n g , and Production p e r s o n n e l , s e l e c t s t h e o r d e r r el e a s e t o which t h i s u n i t i s t o be a s s i g n e d . A message i s r e t u r n e d t o t h e CRT, and t h e o p e r a t o r , following computer i n s t r u c t i o n s , p l a c e s t h e u n i t i n t h e p r o p e r t r a y . The computer keeps t r a c k o f how many u n i t s have been a l l o c a t e d t o each t r a y on t h e t a b l e , and g i v e s t h e o p e r a t o r i n s t r u c t i o n s on when t o "push" t h e t r a y s on t o shipping. I n a d d i t i o n , t h e computer maintains a f i l e on t h e l o c a t i o n and numbers o f a l l unassigned u n i t s i n s t o c k .
2.3.2 Other F e a t u r e s . S e v e r a l o t h e r f e a t u r e s f o r t h e proposed a l l o c a t i o n system a r e :
1. The o r d e r e n t r y system would be l i n k e d t o t h e a l l o c a t i o n system v i a a mainframe f i l e .
. The l i s t of o r d e r s t o be f i l l e d would appear i n t h e a l l o c a t i o n f i l e according t o t h e planned s h i p p i n g schedule.
3 . Order Entry personnel would monitor ord e r s t a t u s d a i l y , and update t h e ranking o f t h e v a r ious opened o r d e r s a w a i t i n g f i l l i n g .
Order Entry personnel w i l l e s t a b l i s h d a i l y s h i p p i n g p r i o r i t i e s , a s r e q u i r e d .
5. A l l opened o r d e r r e l e a s e s a r e a v a i l a b l e i n t h e f i l e s , and on t h e s c r e e n .
U n i t s o f a p a r t i c u l a r p a r t number a r e a l l o c a t e d t o a s i n g l e open o r d e r f o r t h a t p a r t number,
u n t i l t h e o r d e r i s f i l l e d .
. P a r t i a l o r d e r s a r e shipped a t d a y ' s end u n l e s s p r o h i b i t e d by c o n t r a c t w i t h t h e customer.
8. For a p a r t i c u l a r p a r t number, t h e f i r s t o r d e r f i l l e d i n a day i s t h e one remaining from t h e o r d e r s n o t completely f i l l e d t h e p r e v i o u s day.
. When new o r d e r s a r e added t o t h e a c t i v e l i s t f o r A l l o c a t i o n , t h e computer immediately scans t h e s h e l f s t o c k f i l e f o r u n i t s t o a l l o c a t e t o t h e s e new o r d e r s .
1 0 . S h e l f s t o c k u n i t s chosen by t h e comput e r t o f i l l o r p a r t i a l l y f i l l a newly opened s h i p p i n g r e l e a s e must be e n t e r e d i n t o t h e scanner/CRT system t o p r o p e r l y d e b i t and c r e d i t t h e i n v e n t o r y , s h i p p i n g , and a l l o c a t i o n f i l e s .
11. Units processed by t h e scanner/CRT a r e done so based on t h e p a t t e r n of random a r r i v a l s . T h i s system w i l l n o t look upstream t o p r e v i o u s o p e r a t i o n s t o "plan" f o r u n i t a r r i v a l s , and t h u s do a c t i v i t i e s such as r e l e a s i n g p a r t i a l l y f i l l e d o r d e r s e a r l y i n t h e day i f t h e r e i s evidence t h a t no more such u n i t s would be a r r i v i n g t h a t work day.
12. P r o c e s s i n g time a t t h e scanner/CRT i s based on t h e response time o f t h e scanner, l o c a l Pc c o n t r o l l e r , and t h e h o s t mainframe.
A l l o c a t i o n t r a y s , used on t h e a l l o c at i o n t a b l e t o c o l l e c t u n i t s a s s i g n e d t o d i f f e r e n t open-
-Conveyor e d o r d e r s , must be s i z e d t o s u c c e s s f u l l y n e g o t i a t e t h e e x i s t i n g conveyor system, and must pack q u a n t i t i e s of most p a r t number models. accommodate over-
. DATA GATHERING AND ANALYSIS
I n o r d e r t o e f f e c t i v e l y conduct t h i s p r o j e c t , i t was n e c e s s a r y t o g a t h e r and analyze a c o n s i d e r a b l e volume of d a t a . The most r e c e n t e i g h t months of s h i pments r e c o r d s were g a t h e r e d t o e s t i m a t e t h e complex d i s t r i b u t i o n of o r d e r s t h a t e x i s t e d i n t h i s production system. These d a t a were used to: ( 1 ) s t u d y t h e comp l e x i t y of a t y p i c a l o r d e r r e k a s e ; (2! e s t i m a t e t h e d i s t r i b u t i o n of o r d e r s i z e s ; a?d ( 3 ) l d e n t i f y t h e r o l e of each model o r p a r t number f a m i l y i n t h e overa l l d i s t r i b u t i o n of o r d e r s shipped. A d d i t i o n a l l y , t h e p h y s l c a l p r o p e r t i e s of t h e p a r t number f a m i l i e s were s t u d i e d t o i d e n t i f y l i m i t i n g v a l u e s of parameters f o r any model developed t o analyze t h e proposed system m o d i f i c a t i o n s .
Complexity of Orders
Shipments d a t a f o r t h e n i n e months preceeding t h e beginning of t h i s s t u d y were examined t o determine t h e complexity and s i z e of t y p i c a l shipments. determine t h e t y p i c a l complexity of a shipment, t h e s e d a t a were f i r s t t a b u l a t e d by number of d i f f e r e n t p a r t numbers i n a shipment. The i n i t i a l c l a s s i f i c a t i o n of data--one, two, and t h r e e o r more p a r t numbers p e r order--proved s u f f i c i e n t f o r purposes of t h i s s t u d y . A summary of t h i s d a t a i s provided i n Table 1. J u s t over n i n e t y p e r c e n t of t h e o r d e r s and p a r t i a l o r d e r s shipped d u r i n g t h i s six-month p e r i o d (9391 r e l e a s e s shipped) involved b u t a s i n g l e p a r t number. Hence, f o r modeling i t was assumed t h a t a l l o r d e r s involved j u s t a s i n g l e p a r t number.
To Table 1 Complexity of' an Order Release (Number of Models p e r R e l e a s e ) .
Modeis/ Release P e r c e n t 1 90.4 2 6.5 3 3.1
Order S i z e
The d i s t r i b u t i o n of o r d e r s i z e s shipped was a l s o determined t o be a s i g n i E i c a n t f a c t o r i n p l a n n i n g f o r t h e a n a l y s i s of t h e proposed s h i p p i n g system modif i c a t i o n s . The same n i n e months of s h i p p i n g d a t a were t a b u l a t e d according t o number of u n i t s shipped i n a r el e a s e . a s a percentage of t o t a l r e l e a s e s and a s a percentage of numbers of u n i t s shipped. Order s i z e ranges of 8 , 1 6 , and 24 were used s i n c e modems would be overpacked 0 o r 16 t o a box, where p o s s i b l e , based on t h e reduced s i z e of r e v i s e d modem models, and t h e newly designed m a t e r i a l s t o be used f o r s h i p p i n g t h e s e u n i t s . Table 2 shows a summary of t h e s e t a b u l a t i o n s The c o n s i s t e n c y of t h e mix of o r d e r s shipped, with r e g a r d t o p a r t number f a m i l i e s , was a l s o a n a lyzed. No attempt was made t o s e p a r a t e p a r t numbers t h a t b a s i c a l l y d i f f e r e d only by t h e intended customer. Thus, f o r example, a l l model 102s were aggregated t og e t h e r , a s were a l l model 202LPs. These d a t a were f u r - t h e r c l a s s i f i e d b o t h by numbers of r e l e a s e s and by numb e r s of u n i t s shipped w i t h i n each p a r t number family. The summaries of t h e s e n i n e months of d a t a a r e a r e t o o e
. Consistency of Order Mix
x t e n s i v e f o r t h i s r e p o r t . Although d o l l a r v a l u e s were a l s o g a t h e r e d f o r t h e s e months, s p e c i f i c amounts a r e n o t p r e s e n t e d i n t h i s r e p o r t because of t h e p r o p r ie t a r y n a t u r e of t h e d a t a . A d d i t i o n a l d a t a a n a l y s e s a r e d e s c r i b e d l a t e r i n t h i s r e p o r t . These a n a l y s e s were used t o "parame t e r i z e " t h e model developed t o analyze t h e f e a s i b i li t y o f t h e proposed f i n i s h e d goods a l l o c a t i o n system.
4.
EXPERIMENTAL DESIGN I n a study such as t h i s , a n a l y s t s would normall y s i t down w i t h concerned management and j o i n t l y develop a formal experimental d e s i g n t o i n s u r e t h a t t h e q u e s t i o n s answered i n t h e subsequent a n a l y s e s a r e t h e q u e s t i o n s management r e a l l y wants answered. This s h a ri n g i n t h e development of t h e experimental design d i d n o t happen f o r t h i s p r o j e c t . I n s t e a d , t h e a s s i g n e d company c o n t a c t person kept himself between t h e a n a ly s t s and manufacturing management; i t was h i s i n s t r u ct i o n s t h a t l e d t o t h e experiments d e s c r i b e d below.
Experiment I : Supply Independent of Demand.
Once t h i s c o n t a c t person was convinced t h a t t h e programs d e s c r i b e d below a c t u a l l y r e p r e s e n t e d t h e proposed system, he s p e c i f i e d t h a t t h e f i r s t e x p e r iment t o execute was one t h a t would provide t h e "worst case" p o s s i b l e . I t took c o n s i d e r a b l e d i s c u s s i o n t o d i s c o v e r what i t was t h a t he meant by "worst c a s e . " The f i r s t experiment examined t h e e f f e c t s o f having t o t a l independence between t h e o r d e r r e l e a s e s a r r i v i n g t o be f i l l e d and t h e u n i t s a r r i v i n g t o be a l l o c a t e d t o o r d e r s . Both o r d e r s and u n i t s were randomly g e n e r a t e d from t h e same d i s t r i b u t i o n , b u t two d i f f e r e n t random number s o u r c e s were used such t h a t t h e r e was a b s o l u t e l y no planned c o r r e l a t i o n between what u n i t s were needed t o f i l l t h e incoming o r d e r s ,
and what u n i t s were b e i n g "produced" by production.
I n terms of microeconomics, t h e r e was no c o r r e l a t i o n between supply and demand. T h i s , of c o u r s e , was n o t t h e c a s e i n t h e r e a l production system a t t h e f i r m , b u t t h i s c a s e was chosen t o r e p r e s e n t t h e very worst t h a t could happen i f t h e proposed a l l o c a t i o n system were implemented. I n a l l experiments f o r t h i s s t u d y , a d a y ' s worth of new o r d e r s i s g e n e r a t e d a t t h e beginning of a production day. Those o r d e r s t h a t can be f i l l e d o r p a r t i a l l y f i l l e d from s h e l f s t o c k a r e opened immediatel y , and f i l l e d t o t h e e x t e n t p o s s i b l e . A l l o t h e r new o r d e r s a r e f i l e d , FIFO, i n t h e o r d e r s -t o -b e -f i l l e d f i l e . For t h i s f i r s t experiment, u n i t s a r r i v e d a t t h e system according t o a uniformly d i s t r i b u t e d i n t e r a r r iv a l time ranging from 14 t o 26 seconds. A s d e s c r i b e d below, t h i s u n i t a r r i v a l p r o c e s s had t o be r a d i c a l l y modified f o r t h e second experiment.
4.2 Experiment 11. Supply and Demand Highly Correl a t e d : Random P a t t e r n o f Unit A r r i v a l s .
The second experiment was designed t o s t u d y t h e e f f e c t s o f having supply ( u n i t s produced) c o r r el a t e d s t r o n g l y with demand ( o r d e r s t o be shipped t o customers). This high c o r r e l a t i o n e x i s t s i n a w e l l c o n t r o l l e d production environment such a s t h a t a t o f t h i s f i r m where t h e o r d e r e n t r y and production plann i n g and c o n t r o l systems a r e l i n k e d by a network o f computerized production c o n t r o l modules. The o r d e r g e n e r a t i o n p r o c e s s f o r t h i s second experiment was t h e same a s t h a t f o r Experiment I . On t h e o t h e r hand, t o achieve t h e high supply-demand c o r r e l a t i o n d e s i r e d , an e n t i r e l y new approach had t o be taken t o generate u n i t a r r i v a l s t o t h e scanner/CRT mechanism.
A s t h e t i t l e of t h i s experiment i n d i c a t e s , supply and demand were t o be h i g h l y c o r r e l a t e d . I n e f f e c t , s u f f i c i e n t u n i t s , i n t h e r i g h t mixtur.e o f p a r t numbers (family members), had t o a r r i v e a t t h e a l l o c at i o n system on a given day t o f i l l , o r almost f i l l , t h e o r d e r s t h a t were t o be shipped t h a t day. (This i s approximately what was happening a t t h e f i r m d u r i n g t h i s s t u d y , except t h a t t h e o r d e r s b e i n g f i l l e d were s e l e c t e d based on t h e u n i t s a r r i v i n g a t t h e f i n i s h e d goods p r o c e s s i n g system.) a r r i v e a t t h e scanner i n t h e same p a t t e r n , and i n t h e same numbers a s r e q u i r e d by t h e o r d e r s generated f o r a given day, then i n e f f e c t Experiment I1 would be proc e s s i n g u n i t s i n b a t c h e s ( t h e c u r r e n t system). Thus a method f o r mixing up a d a y ' s quota of u n i t s , s o t h a t t h e u n i t s a r r i v e d i n a t o t a l l y random p a t t e r n , had t o be developed. This method i s d e s c r i b e d below.
. 3 Performance Measures f o r t h e Experiemnts I f u n i t s were c r e a t e d t o
The performance measures observed f o r b o t h experiments a r e l i s t e d i n Table 3 . T h i r t y days of operat i o n were simulated, u s i n g i d e n t i c a l o r d e r sets f o r Experiments 1 and 2 . I n t h i s way, p o s i t i v e c o r r e l a t i o n was induced between t h e experiments so t h a t any d i f f e rences observed could be a t t r i b u t e d s o l e l y t o t h e d i ff e r e n t ways i n which u n i t s were generated f o r a l l o c at i o n . The r e s u l t s of t h e s e experiments a r e p r e s e n t e d and d i s c u s s e d below.
SIMULATION MODELS FOR THE TWO EXPERIMENTS
Four s e p a r a t e program segments were w r i t t e n and t e s t e d t o develop t h e s i m u l a t i o n models used t o execute t h e two experiemnts d e s c r i b e d above. Each o f t h e s e segments was w r i t t e n i n GPSS/PC u s i n g a n I B M PC/AT. The program segments, d e s c r i b e d below, a r e : (1) shipping o r d e r s g e n e r a t o r ; ( 2 ) l a s e r scanner/CRT a l l o c a t i o n system: ( 3 ) u n i t g e n e r a t o r f o r Experiment 1; and ( 4 ) u n i t g e n e r a t o r f o r Experiment 2. F i r s t , t h e d a t a reduction necessary t o make t h e s e segments o p e r a t i o n a l i s d i s c u s s e d .
. 1 Data Reduction t o Determine Simulation Parameters
Three c r i t e r i a had t o be met i n b u i l d i n g an o r d e r g e n e r a t i o n p r o c e s s t o emulate t h e a c t u a l p a t t e r n of o r d e r s b e i n g f i l l e d by t h e firm's f i n i s h e d goods a l l o c a t i o n system. These were:
1. The number of o r d e r s p e r day should r e f l e c t t h e average number o f o r d e r s expected, given t h e production/shipping l e v e l s t h a t were t o be simulated. The -ern o f Dart numbers (model f a m i l i e s and family members) w i t h i n t h i s group o f d a i l y o r d e r a r r i v a l s should r e f l e c t t h e p a t t e r n o f p a r t numbers experienced i n t h e r e a l product mix.
.
Order s i z e s generated should be s i m i l a r t o t h e s i z e s o f o r d e r s t y p i c a l l y found i n t h e firm's o r d e r r e l e a s e s .
A d d i t i o n a l d a t a a n a l y s e s were r e q u i r e d t o develop an o r d e r g e n e r a t i o n p r o c e s s t h a t met t h e s e c r i t e r i a .
Eight months o f s h i p p i n g h i s t o r y f o r t h e f i r m were used t o develop a t a r g e t f o r mean number of u n i t s p e r o r d e r , and mean number o f o r d e r r e l e a s e s p e r day, given t h e i n c r e a s e d production/shipping t a r g e t o f 1200 u n i t s p e r day s e l e c t e d f o r t e s t i n g t h e proposed a l l o c at i o n system. Table 4 summarizes t h e e x t e n s i v e d a t a .
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. P r o b a b i l i t y X P(X) X P(X) X P(X) X P(X)
x P(X)
1.00 1.00 1.00 1.00 1.00 a n a l y s i s r e q u i r e d t o develop d i f f e r e n t p r o b a b i l i t y d e n s i t y f u n c t i o n s f o r each o r d e r s i z e c l a s s i f i c a t i o n such t h a t :
The expected value f o r t h e d e n s i t y funct i o n c r e a t e d t o r e p r e s e n t o r d e r s f o r a given s i z e c l a s s i f i c a t i o n would approximately e q u a l the expected value of the h i s t o r i c a l o r d e r group i n t h a t s i z e c l a s si f i c a t i o n .
2.
I n d i v i d u a l o r d e r s i z e s w i t h i n each c r e a t e d d e n s i t y f u n c t i o n would be s i m i l a r t o those s i z e s t y p i ca l l y found i n t h e h i s t o r i c d a t a , f o r t h e same s i z e c l a s s i f i c a t i o n .
From Table 4 it i s seen t h a t c o n d i t i o n 1 i s f u l l y met. Condition 2 was met by reviewing t h e raw d a t a p r i n t o u t s f o r the e i g h t months of s h i p p i n g h i st o r y and then choosing t h e mcist o f t e n o c c u r r i n g o r d e r s i z e v a l u e s t o be included iri each c r e a t e d d e n s i t y f u n c t i o n . The o v e r a l l expect.ed value of t h e d e n s i t y f u n c t i o n s found i n Table 4 i s 11.67 u n i t s p e r o r d e r , which i s approximately t h e o v e r a l l o r d e r s i z e average f o r the h i s t o r i c a l d a t a . Thjh value r e s u l t s i n a r eq u i r e d average of 103 o r d e r s p e r day t o reach t h e t a rg e t o f 1200 u n i t s shipped p e r day, f o r t h e s i m u l a t i o n study.
The d a t a reduction r e p r e s e n t e d by Table 4 provided a s e t of s i m u l a t i o n parameters t h a t met C r i t e r i a 1 and 3 without r e q u i r i n g such l a r g e numbers of paramet e r i n p u t s so a s t o be i n t r a c t a b l e . Table 5 summari z e s the reduction of model f a m i l i e s t o meet C r i t e r i o n 2 f o r s i m u l a t i o n purposes. The v a r i e t y of modems was reduced from 2.00 t o 25, while nine v a r i e t i e s of PCBs were chosen t o r e p r e s e n t t y p i c a l a c t i v e production v a r ie t i e s . Tables 4 and 5 were represented i n t h e simulat i o n programs by a complex n'atwork o f GPSS Functions.
Shipping Orders GeneratDr
The program segment f o r g e n e r a t i n g s h i p p i n g orders was w r i t t e n i n t w o p a r t s : (1) a segment t o generate o r d e r s according t o t h e a p p r o p r i a t e d i s t r i b u t i o n : and o r d e r s a s u n i t s a r r i v e a t t h e a l l o c a t i o n system.
(2) a segment t o process t h e s e The GPSS code w r i t t e n t o g e n e r a t e o r d e r s s i m i l a r t o t h e p a t t e r n shown i n Table 4 i s included i n t h e program p r e s e n t e d i n Figure  A - 1. By Units. The p e r c e n t of u n i t s f a l l i n g i nt o each family i n t h e s i m u l a t i o n d a t a was compared t o the p e r c e n t of u n i t s f a l l i n g i n t o each family group h i s t o r i c a l l y ( s e e Table 5 ) . This comparison i s summari z e d i n Table 6 . t e s t of t h e goodness of f i t , one can s e e t h a t the simul a t i o n d a t a follows t h e h i s t o r i c a l d a t a q u i t e w e l l .
Even without a formal nonparametric 2. Table 5 ) . This comparison i s summarized i n Table 6 . Again, i t is c l e a r t h a t t h e s i m u l a t i o n o u t p u t s f i t w e l l with h i s t o r i c d a t a .
By Orders. The p e r c e n t of o r d e r s f a l l i n g i n t o each family i n t h e s i m u l a t i o n d a t a was compared t o t h e p e r c e n t of o r d e r s f a l l i n g i n t o t h e s e same f o r t h e h i s t o r i c d a t a ( s e e
5.2.2
OrderProcessor. The Extensive run analyses were made t o i n s u r e t h a t t h i s program code f a i t h f u l l y followed the a p p r o p r i a t e l o g i c . These a n a l y s e s took approximately 40 hours of pencil-and-paper c a l c u l a t i o n s t o examine t h e o u t p u t s of t h r e e d i f f e r e n t days o f s i m u l a t i o n runs. I t was necessary t o combine the code f o r t h i s t a s k w i t h t h e code of t h e previous t a s k i n o r d e r t o f u l l y t e s t and v a l i d a t e t h e g e n e r a t i o n , a r r i v a l , and p r o c e s s i n g of o r d e r s .
Modeling t h e Barcode Laser Scanner Operation
Since t h e l a s e r scanner/CRT system d i d n o t e x i s t , e s t i m a t e s had t o be made regarding t h e operat i n g parameters, e s p e c i a l l y t h e p r o c e s s i n g times of r a t i o n s , t h u s demonstrating t h e wisdom i n s e l e c t i n g a micro computer on which t o conduct t h i s s t u d y . I n a d d i t i o n t o t h e s e c u r i t y provided by keeping a l l work in-house, t h e a c t u a l program development, v e r i f i c a t i o n and execution times r e q u i r e d were probably halved by u s i n g t h e PC. An a n a l y s i s o f t h e s i m u l a t i o n r e s u l t s from each e x p e r iment follows.
Experiment 1
The 30 days o f s i m u l a t i o n r e s u l t s from execut i n g Experiment 1 were recorded i n a GPSS MATRIX SAVE-VALUE, and l a t e r t r a n s f e r r e d t o a r e p o r t f o r t h e company. Since t h e supply and demand g e n e r a t i o n funct i o n s were t o t a l l y independent f o r t h i s experiment, one should n o t assume any mean:.ng i n any of t h i s d a t a .
Rather, i t r e p r e s e n t s what wou:td happen i f production management and marketing management t o t a l l y r e f u s e d t o co-ordinate s a l e s o r d e r s and production p l a n n i n g , b u t i n s t e a d worked independently t o c r e a t e t h e supply (prod u c t i o n ) and demand (marketing) agreed t o by h i g h e r management, f o r t h e company's roaster p l a n . This experiment, t h e n , g i v e s t h e "worst" c a s e , and t h e f i r m ' s production management could expect t o achieve much b e t t e r r e s u l t s i f they r e t a i n e d c o n t r o l of t h e r e l at i o n s h i p o f supply t o demand. The v a l u e s of t h e v a ri o u s performance measures f o r t h e 30th simulated day a r e p r e s e n t e d i n Table 7 .
The following items a r e noteworthy from t h e r e s u l t s of Experiment 1:
The average number of o r d e r s w a i t i n g t o be
This occurs because so many o r d e r s a r e shipped, f i l l e d c o n t i n u a l l y i n c r e a s e s throughout t h e simulat i o n . p a r t i a l l y f i l l e d , a t t h e end oE a p r o d u c t i o n day; and y e t t h e o r d e r remains on t h i s l i s t i n t o t h e n e x t day, w a i t i n g f o r more u n i t s t o continue t h e f i l l i n g o f t h i s o r d e r . With u n i t s b c i n g g e n e m t e d randomly and independently of o r d e r s , o r d e r s o f a p a r t i c u l a r p a r t number would t e n d t o b u i l d up i f ( 1 ) a p a r t i c u l a r l y l a r g e o r d e r was c u r r e n t l y beinsg f i l l e d , o r (2) t h e u n i t g e n e r a t o r j u s t happened n'3t t o send enough u n i t s of t h a t p a r t number a t a p a r t i z u l a r segment of time.
2. The average number of o r d e r s b e i n g f i l l e d a t any p o i n t i n time l e v e l s o u t a t about 15, r a t h e r q u i c k l y i n t h e s i m u l a t i o n run.
3. The average number of t r a y s r e q u i r e d t o handle t h e simultaneous a l l o c a t i o n of o r d e r s reaches s t e a d y -s t a t e by t h e end o f t h e f i r s t day o f simulat i o n . This number was i n t h e 44-46 range. The maximum number of t r a y s r e q u i r e d was 85. on day 12.
4 . By t h e end o f day 30, production had b u i l t 170 more u n i t s than were needed, i n t o t a l , t o f i l l a l l o r d e r s t h a t had a r r i v e d , t o d a t e . Yet t h e r e were 1980 u n i t s i n s h e l f s t o c k a t t h e end o f t h a t day: and t h e r e were 180 o r d e r s ( f u l l and p a r t i a l ) y e t t o be f i l l e d . Thus t h e r e a l danger of n o t c o r r e l a t i n g supply and demand i s t o have b o t h u n f i l l e d o r d e r s and u n i t s on hand, and t o be unable t o use any o f t h e s e u n i t s t o f i l l any of t h e s e o r d e r s . The 30 days o f s i m u l a t i o n r e s u l t s from executi n g Experiment 2 were a l s o recorded i n a MATRIX SAVE-VALUE, and l a t e r t r a n s f e r r e d t o t h e t e c h n i c a l r e p o r t . The v a r i o u s performance measures recorded f o r t h e 30th s i m u l a t e d day a r e a l s o p r e s e n t e d i n Table 7 . These r e s u l t s should be viewed i n two ways: themselves; and ( 2 ) compared t o t h e r e s u l t s of Experiment I .
( 1 ) i n and of 6 . 2 . 1 A i i a~u l t s
. The f o l l o w i n g items a r e noteworthy from t h e r e s u l t s of s i m u l a t i n g t h e Experiment 2 system f o r 30 days:
1. No u n i t s a r e e v e r shipped from s t o c k . T h i s i s because every u n i t generated i n t h i s experiment i s c r e a t e d o n l y i n response t o demand, a s espoused i n a p a r t i c u l a r o r d e r r e l e a s e . A d d i t i o n a l l y , one of t h e ground r u l e s f o r t h e study was t o assume t h a t a l l p a r t i a l l y f i l l e d o r d e r s would go t o s h i p p i n g a t t h e end o f each production day.
2. There i s never any ending inventory of u n i t s a t t h e end of t h e day. See t h e ground r u l e c i t e d i n item 1 , j u s t above.
3 . The accumulated number o f u n i t s shipped, a t t h e end o f day 30, i s about 520 u n i t s l e s s than t h e t o t a l needed t o s a t i s f y a l l o r d e r s t h a t had been r ec e i v e d , up t o t h a t p o i n t i n time. The problem h e r e i s t h a t i n day 1 0 , t h e system r e c e i v e d new s h i p p i n g rel e a s e s f o r 1583 u n i t s (an unusually l a r g e number compared t o t h e a v e r a g e ) , y e t production d e l i v e r e d j u s t 1183 u n i t s , sliqhL1y below the average target of 1200 u n i t s p e r day. So even though production provided mrre u n i t s than were needed f o r newly a r r i v e d o r d e r r el e a s e s on more days than t h e y d i d l e s s u n i t s , day 10 caused production t o g e t behind demand, and they have n o t y e t caught up. t h a t would i n v e s t i g a t e a p p r o p r i a t e d e c i s i o n r u l e s f o r when t o invoke overtime t o c a t c h up.) (This suggests a follow-on study
6.2.2
Conmarina R e s u l t s of t h e Two Experiments. When compared t o t h e r e s u l t s of Experiment 1 ( s e e Table 7 ) , s e v e r a l noteworthy observatj.ons may be made about t h e r e s u l t s of Experiment 2: 5. C e r t a i n of t h e data a n a l y s e s and r e p o r t s
